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Genetic analysis of protein structure and function is based
on examining the properties of mutant proteins. When
the expression of a protein confers a detectable or, even
better, selectable phenotype in a suitable host, rapid char-
acterization of large numbers of mutants is possible. This
happy situation is achievable by three basic approaches:
one can develop an activity-based selection or screen for
a protein of interest, choose to study proteins encoded by
genes where the phenotypes of mutants have already
been described, or use gene fusion methods to modify
the properties of proteins that do not themselves give
detectable phenotypes. Gene fusion systems specifically
designed to study protein-protein interactions have been
described in yeast [1,2] and in Escherichia coli [3-5]. These
'interaction trap' systems allow the power of microbial
genetics to be applied to the study of fundamental prop-
erties of protein structure. In the yeast two-hybrid
system, interactions between fusion proteins target an
activation domain to the vicinity of a responsive
promoter. This localization is observed as an increase in
the expression of a reporter gene. Variations on the orig-
inal two-hybrid system of Fields and Song [1] have been
described elsewhere [2,6]. In this brief review, I will
describe the use of gene fusions to bacterial and phage
DNA-binding proteins to detect and characterize
protein-protein interactions reconstituted in E. coli. In
particular, I will focus on work done in my laboratory
and others using fusions to the DNA-binding domain of
bacteriophage X cI repressor.
The rationale for using repressor fusions to study homo-
dimeric proteins is shown in Figure 1. repressor is nor-
mally a homodimer, with each monomer consisting of a
polypeptide chain of 236 amino acids. Residues 1-92
form an N-terminal domain that binds DNA with rela-
tively low affinity due to its weak formation of dimers
[7]. A flexible linker of about 40 amino acids tethers the
DNA-binding domain to a C-terminal domain that pro-
vides strong dimerization. The C-terminal domain drives
DNA binding by increasing the local concentration of
the two N-terminal domains.
Oligomerization by a fragment from a protein of interest
(a leucine zipper in the example shown in Fig. 1) can be
assayed by using it to replace the C-terminal domain of X
repressor. The resultant repressor chimera will be active
only if the fragment is able to confer sufficient oligomer
formation to drive DNA binding. Binding of the X
repressor to operator DNA prevents transcription from
the two major early promoters in the phage genome and
prevents expression of the genes in the lytic pathway of
the phage life cycle. Thus, expression of functional (i.e.
oligomeric) repressor can be easily selected or screened
Fig. 1. Rationale for the repressor fusion system. Intact repres-
sor (a), which inhibits growth of phage X, normally consists of
two domains. At low concentrations, the C-terminal domain is
required for assembly into homodimers. (b) Removing the C-ter-
minal domain renders the protein inactive. (c) Attaching a differ-
ent dimerization domain, such as a leucine zipper (Z), restores
dimer formation and repressor activity.
for because cells expressing repressor activity are immune
to superinfection by phage X.
Applications and refinements
Once an active fusion protein has been found, deter-
minants of oligomer formation can be determined by
standard genetic methods. A minimal sequence sufficient
to confer assembly can be found by screening mutants
with deletions in the original fusion target protein [8,9].
Mutagenesis can be used to identify changes in individ-
ual side chains that either destroy repressor activity or are
phenotypically silent [3,10]. In some cases, additional
levels of control can be recapitulated in fusion-contain-
ing cells. For example, repressor fusions to BglG, a trans-
criptional antiterminator protein from E. coli, provided
initial evidence that the BglF protein kinase regulates
dimerization of BglG [11]. Repressor activity of cI-BglG
fusion proteins is inhibited under conditions where BglF
phosphorylates BglG. As dimerization is required for the
DNA-binding activity of the fusion protein, it was
inferred that dimerization of normal BglG is blocked by
phosphorylation. ToxR is an integral membrane protein
from Vibrio cholerae that regulates expression of cholera
toxin. Repressor activity of fusions between repressor
and the C-terminal domain of ToxR responds to the
presence of the periplasmic regulator of ToxR activity,
ToxS, demonstrating that repressor fusions can be used to
study the assembly and regulation of transmembrane
proteins [12].
The ability to select functional fusions from large popula-
tions of sequences can also allow us to test the assembly
properties of unnatural sequences. For example, deter-
mining the fraction of all possible sequences that encode
self assembly has important implications for how proteins
evolved. This question has been addressed by fusing
random amino acid sequences to the N-terminal domain
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Fig. 2. Inhibition by dominant-negative
fusion proteins requires formation of
heterodimers. When active fusion pro-
teins (yellow circles fused to red zip-
pers) are coexpressed with fusion
proteins to an inactivated repressor
domain (blue circles fused to purple
zippers), formation of heterodimers will
incorporate the active monomers into
inactive heterodimers. Libraries of
fusion proteins with inactivated DNA-
binding domains can be used to find
alternative interaction partners with a
known homodimer, or mutagenesis of
the dimer-forming domain of the -active
repressor protein can be used to find
dimers that can no longer form hetero-
dimers with a known competitor.
of repressor (R Mettle, L Francisco, K Hale, J[C Hu and
T Kodadek, unpublished data). Because active fusions
can be isolated by selection, rare sequences can be found.
Among random decapeptides, on the order of one in
10000 confers enough oligomrerization to give repressor
activity. Whether these fused peptides assemble into spe-
cific structures or merely aggregate is under investigation.
Repressor fusions as described above are well suited to
the study of homo-oligomers. However, many proteins
function as hetero-oligomeric complexes of two or more
polypeptide chains. Although this fundamental fact of
protein structure is widely accepted, the biological
importance of oligomerization has been recently high-
lighted by the recognition that mixing and matching of
subunits allows nature to assemble a large number of pro-
teins with different functional properties from a much
smaller number of gene products. We are in the process
of developing modifications of the fusion system to study
heterodimer formation. In cases in which each monomer
of a heterodimer is unable to form homodimers, we can
simply express two different repressor fusions in the same
cell from compatible plasmids. The situation becomes
more complex, as in the case of the Fos-Jun/AP-1 family
of leucine zipper factors, when one or both of the
subunits in a heterodimer is also capable of forming a
homodimer. Our approach to this problem illustrates one
way we benefit from the large amount of genetic analysis
that has already been carried out using cI repressor. Start-
ing with an active homodimeric fusion protein, we can
isolate potential partners in heterodimer formation by
selecting or screening for loss of repressor activity (Fig. 2).
The homodimeric repressor fusion protein is coexpressed
with an excess of another protein (which may or may not
form heterodimers with the first protein) fused to a
'dominant negative' repressor mutant that is unable to
bind to operator DNA. If heterodimers can form they
will be inactive, because two wild-type DNA-binding
domains are required for operator binding. Reconstruc-
tion experiments (X-G Zeng and JC Hu, unpublished
data) show that this assay can be used to distinguish those
pairs of leucine zippers that form heterodimers from
those that do not. We are using this method to examine
the basis for the specificity of dimer formation.
Initial characterization of the repressor system showed
that dimerization domains, such as the leucine zipper of
GCN4, produced an active chimeric protein. We have
also found that a tetramer-forming mutant leucine zipper
[13] can form an active repressor fusion. These dimeric
Fig. 3. Distinguishing dimers from
tetramers by cooperative binding to
adjacent operator sites. Expression of a
reporter gene, such as chloramphenicol
acetyl transferase (CAT) (which confers
chloramphenicol resistance upon cells
in which it is expressed), is driven by a
promoter that is controlled by two oper-
ator sites, a high-affinity site (dark box)
and a low-affinity site (light box) that
overlaps the promoter sequence.
Dimeric fusion proteins bind the high-
affinity site, but cannot repress trans-
cription. With a tetrameric fusion,
binding of one pair of repressor
domains to the high-affinity site allows
binding of the other pair of repressor
domains to the low-affinity site, giving
repression.
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and tetrameric fusions can be distinguished in vivo (Fig. 3)
using transcriptional reporter fusions that measure the
cooperative binding of repressor mutants to adjacent
operator sites [14].
Whether trimers, pentamers, or other oligomers will
confer repressor function is not known; at some point we
would expect that higher order oligomers would lose
activity for two reasons. First, as more subunits are
needed to assemble an oligomer, there will simply be
fewer molecules of the active oligomer in any given cell.
Second, increasing the number of repressor domains in a
complex could increase non-specific DNA binding.
Binding to non-specific chromosomal DNA sites could
act as a kinetic trap and inhibit binding to operators on
an incoming phage genome.
Caveats and prospects
Genetic reporter systems are necessarily limited in the
kinds of information they can provide. The most obvious
limitation is that the insides of cells are complex. The
phenotype of a gene fusion protein will be determined
not only by the property we wish to assay, but also by
other effects of the intracellular environment on the
chimeric gene product, including the following: protein
folding in the cells used (usually E. coli or Saccharomyces
cerevisiae), sensitivity to intracellular proteolysis, appro-
priate localization within the cell, and interactions with
other cellular components. The strength of interactions
needed to confer repressor activity is clearly dependent
on the level of expression of the fusion protein. For
repressor fusion proteins, our ability to detect assembled
or weakly bound oligomers is limited by the fact that
the N-terminal domain by itself will confer repressor
activity at high expression levels. At the other extreme,
for very tight dimers or tetramers only the most drastic
mutations might lose enough activity to give a detectable
change of phenotype.
The significance of activity in the X repressor system, or
in similar genetic oligomerization reporters based on
LexA repressor [4], 434 repressor [15], AraC protein [5]
and LuxR protein (DM Sitnikov, JC Hu and TO Bald-
win, unpublished data) is necessarily limited. Genetic
methods are not meant to be a substitute for rigorous
biochemistry in determining oligomerization states and
binding constants. That said, the 'awesome power' of
genetics lies in the speed with which one can test the
properties of astronomically large numbers of amino acid
sequences. The need to test such numbers of sequences
arises in searching for specific genes in large genomes,
and our results suggest that dominant negative selections
can be used to find novel partners for known dimers.
Moreover, the ability to test large numbers of sequences
has interesting implications for protein design. Fusion
methods such as the ones described here will allow us to
test populations of sequences that represent a family of
guesses as to what is needed to form a desired structure.
Imitating the evolution of naturally occurring proteins,
we cannot only allow selection to identify the best candi-
dates from such populations, but also allow additional
rounds of mutagenesis and selection to refine their design.
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